The mb1 gene encodes the Ig-␣ signaling subunit of the B cell antigen receptor and is expressed exclusively in B cells beginning at the very early pro-B cell stage in the bone marrow. We examine here the efficacy of the mb1 gene as a host locus for cre recombinase expression in B cells. We show that by integrating a humanized cre recombinase into the mb1 locus we obtain extraordinarily efficient recombination of loxP sites in the B cell lineage. The results from a variety of reporter genes including the splicing factor SRp20 and the DNA methylase Dnmt1 suggest that mb1-cre is probably the best model so far described for pan-B cell-specific cre expression. The availability of a mouse line with efficient cre-mediated recombination at an early developmental stage in the B lineage provides an opportunity to study the role of various genes specifically in B cell development and function.
The mb1 gene encodes the Ig-␣ signaling subunit of the B cell antigen receptor and is expressed exclusively in B cells beginning at the very early pro-B cell stage in the bone marrow. We examine here the efficacy of the mb1 gene as a host locus for cre recombinase expression in B cells. We show that by integrating a humanized cre recombinase into the mb1 locus we obtain extraordinarily efficient recombination of loxP sites in the B cell lineage. The results from a variety of reporter genes including the splicing factor SRp20 and the DNA methylase Dnmt1 suggest that mb1-cre is probably the best model so far described for pan-B cell-specific cre expression. The availability of a mouse line with efficient cre-mediated recombination at an early developmental stage in the B lineage provides an opportunity to study the role of various genes specifically in B cell development and function.
Dnmt1 ͉ SRp20 ͉ loxP ͉ enhanced yellow fluorescent protein ͉ lymphocyte T he bacteriophage recombinase cre can efficiently delete DNA sequences that are flanked by loxP sites (floxed) even in eukaryotic cells (1) . This feature has led to the frequent use of transgenic cre mice for the tissue-specific deletion or modification of floxed genes to access the function of a gene in a specific tissue (2) .
Development of a B lymphocyte can be separated into several ordered steps encompassing commitment to the B lineage, somatic recombination and expression of its heavy chain and light chain Ig genes, and selection of the B cell antigen receptor repertoire (for reviews, see refs. [3] [4] [5] . In the B cell system there are several transgenic mouse lines available that express cre in defined stages of B lymphocyte development. For example, CD19-cre mice (6) express cre from the pre-B cell stage on, whereas CD21-cre mice (7) express cre only in mature B cells. However, a cre transgenic mouse line with efficient cre-mediated deletion from the earliest pro-B cell stage was missing so far. We asked whether expression of the cre recombinase from the murine mb-1 locus would provide an even more efficient model for studying gene function specifically in B cell precursors. The mb1 gene encodes the Ig-␣ signaling subunit of the B cell antigen receptor (8, 9) . It is strongly expressed in the B cell lineage beginning at the very early pro-B cell stage in the bone marrow and continues to be expressed in all later stages except plasma cells (10) . The mb1-cre line was tested by intercrossing it to a floxed enhanced yellow fluorescent protein (EYFP) reporter mouse line. The analysis showed a very efficient and B cell-specific recombination. To further test the mb1-cre line, we bred it to several different lines bearing floxed genes, some of which are believed to be essential genes in all cell types. We show results for the splicing factor SRp20 and the DNA methylase Dnmt1. SRp20 belongs to a family of serine-arginine-rich proteins important for a variety of cellular functions surrounding mRNA including constitutive and alternative splicing, transport, translation, and degradation as well as genome stability (11) . Deletion of the SRp20 gene in the mouse germ line blocks embryonic development at the morula-to-blastocyst transition (12) , but its role in B cell development is not known. The DNA methyltransferase Dnmt1 is involved in transfer of the CpG methylation pattern from the parental to the daughter DNA strand during the S phase of the cell cycle (13) . A reduction or loss of Dnmt1 activity has a drastic effect on cell function and, depending on the system, can lead to inhibition of DNA replication (14) , T cell lymphoma (15) , alterations in T cell development (16) , and embryonic lethality (17) .
The results presented here show that SRp20 and Dnmt1 are essential for B cell development and͞or survival and that cre recombinase activity in the mb1-cre line is efficient and primarily restricted to the B lineage.
Results
Construction of a Targeted Mouse Line Expressing hCre from the Ig-␣ Locus. A vector coding for a mammalian codon-optimized hCre (18) was designed to be inserted into the mb-1 WT locus (Fig. 1a) . In the targeting vector, exons 2 and 3 of mb-1 were replaced by a hCre cDNA, which was fused at its 5Ј end to the splice acceptor of exon 2 and at the 3Ј end to a pA signal from SV40 (Fig. 1b) . The construct also contains a modified form of exon 1 lacking the mb-1 ATG codon. Intron 1 was retained to provide splicing of the primary cre transcript and because it could contain transcriptional regulatory elements. A neo cDNA driven by the tk promoter and flanked by two flippase recombinase target (FRT) sites having the same orientation was introduced 3Ј of hCre. Flanking short and long arms of DNA sequence homology derived from the mb-1 locus were also introduced (see Materials and Methods).
BALB͞c ES cells carrying the mb1-cre construct targeted to the mb-1 locus were generated by homologous recombination (Fig. 1d) and injected into blastocysts. Three chimeric mice were obtained, and one transmitted the mutation in the germ line. To obtain the final mb1-cre expression allele (Fig. 1c) , the neo cassette was deleted by crossing the mice to the Flpe deleter strain (2). mb1-cre Is More Efficient than CD19-cre in Deleting a Floxed Reporter in Early B Cells. The mb1-cre mouse strain was first tested for the specificity of cre activity and for the efficiency of cre recombination in lymphoid organs by crossing it to the Rosa-floxed EYFP reporter mouse line (kindly provided by S. Srinivas, University of Oxford, Oxford, U.K.). This reporter mouse carries a modified Rosa locus containing a floxed phosphoglycerate kinase (PGK)-promoterdriven neo pA cassette upstream of a EYFP cDNA (19) . Cremediated deletion of the PGK-neo pA cassette leads to EYFP expression. Rosa-floxed EYFP mice were also crossed with the previously published, B cell-specific, CD19-cre line (6) to compare cre recombination efficiencies in the mb1-cre and CD19-cre lines. The CD19-cre line contains a cre cDNA integrated into the B cell-specific CD19 gene. Flow cytometric analysis of cells derived from various tissues of the mb1-cre͞Rosa-EYFP mice suggests that cre is primarily expressed in B cells ( Fig. 2 and Fig. 7 , which is published as supporting information on the PNAS web site). Very low levels of EYFP-positive T cells were detected in thymus (Fig. 7d ), spleen (Figs. 2c and 7f ), and lymph nodes (Fig. 2f ) . Virtually all B cells in the peritoneum were also EYFP-positive ( Fig. 2h and data not shown). When the mb1-cre and CD19-cre lines are compared, recombination in the spleen is restricted to B cells for both intercrosses, but the efficiency in CD19-cre mice was Ϸ80% EYFP-positive B cells compared with 99% in the mb1-cre line ( Fig.  2 c and d) . The difference in the two cre lines was more pronounced when bone marrow cells were analyzed ( Fig. 2 a and b) . Here 33% of the B lineage cells in the lymphocyte gate were EYFP-positive with CD19-cre whereas the mb1-cre mice produced 97% EYFPpositive B lineage cells. This finding suggests an earlier and͞or more efficient loxP site recombination in developing B cells of the mb1-cre mice.
Efficient cre-Mediated Recombination Can Be Recapitulated in IL-7-
Dependent Pre-B Cell Cultures. The comparison of bone marrowderived lymphocytes from CD19-cre and mb1-cre mice suggested that the mb1-cre was considerably more active than CD19-cre at early stages of B cell development. To examine this more closely, total bone marrow cells from CD19-cre͞Rosa-EYFP and mb1-cre͞Rosa-EYFP mice were cultured in vitro with IL-7. Under these conditions, an almost pure population of proliferating pre-B cells was obtained within a few days of culturing (20) . Flow cytometric analysis of bone marrow-derived mb1-cre͞Rosa-EYFP pre-B cells cultured up to 21 days with IL-7 showed almost 100% EYFP-positive cells with mb1-cre throughout the cultivation (Fig. 3 b, d , and f ). For CD19-cre, 50% of the pre-B cells were positive for EYFP at day 0 (Fig. 3a) , and this decreased to 19% after 21 days of cultivation ( Fig. 3 c  and e ). These data demonstrate that, with mb1-cre but not CD19-cre, a homogeneous population of pre-B cells carrying a recombined gene can be generated.
Using the mb1-cre Line to Study B Cell Development. The efficiency of the mb1-cre encouraged us to use this line to study the effect of deleting several floxed loci on B cell development. Data will be presented here for two genes, the splicing factor SRp20 and the DNA methyltransferase Dnmt1. SRp20 belongs to a family of serine-arginine-rich splicing factors shown to modify the splicing efficiency of some but not all splice sites. Mouse embryos deficient in SRp20 do not develop beyond the morula stage (12) .
To test whether the splicing factor SRp20 is essential for B cell development or function, the mb1-cre line was intercrossed with a mouse line carrying a floxed version of SRp20 (Fig. 4a) (12) . For comparison, the SRp20 line was also crossed to the CD19-cre line. FACS analysis of spleen, thymus, and bone marrow showed drastic reductions in the number of B cells in the mb1-cre background and only mild effects with CD19-cre (Fig. 4b) . A strong reduction in B cell precursors was already apparent in c-kit-positive pro-B cells in mb1-cre͞SRp20 bone marrow (Fig.  4b) . PCR analysis of genomic DNA extracted from sorted B cells derived from spleen and bone marrow of CD19-cre͞SRp20 mice indicates that only a small proportion of the splenocytes carry a deletion in the SRp20 gene whereas no deletion was detected in the bone marrow (Fig. 4c) . This is true even for heterozygous (WT͞fl) mice where selection for nondeleted alleles is not expected. In contrast, mb1-cre mice heterozygous for the floxed SRp20 allele show a complete loss of the floxed allele already in bone marrow B cells (Fig. 4d) , again indicating an early and very efficient cre activity in the mb1-cre line. The drastic reduction of immature and mature B cells in the mb1-cre͞SRp20 mice indicates that SRp20 is essential for pre-B cell survival and͞or differentiation. Analysis of the peritoneal B cell population indicated that B1 cells are also drastically affected by mb1-cremediated SRp20 deletion (Fig. 4b) .
The Dnmt1 gene is thought to be the major methyltransferase maintaining DNA methylation in somatic cells. The murine Dnmt1 locus has been floxed (21) in such a way that induction of cre recombinase results in the deletion of exons 4 and 5 (Fig.  5a) . As a consequence of the deletion, splicing of exon 3 to exon 6 causes a frame shift. The resulting, presumably nonfunctional, peptide would contain the first 75 of the 1,621 aa of the mature protein. Flow cytometric analysis of bone marrow and spleen cells derived from these mice reveals a complete block in B cell development already in the bone marrow (Fig. 5b Center) . This block appears to be similar to that observed in Ig-␣-deficient mice (Fig. 5b Right) (22) . However, the reduced number of CD19ϩ cells seen in Dnmt1-deficient mice (the relative proportions of CD19ϩ cells in the lymphocyte gate for WT, mb1-cre͞ Dnmt1, and Ig-␣ knockout were 74%, 10%, and 62%, respectively) suggests that Dnmt1 may be important for survival and accumulation of developmentally blocked pro-B cells.
For both mb1-cre͞SRp20 and mb1-cre͞Dnmt1 mice, attempts to culture B cell precursors from bone marrow in the presence of IL-7 failed (data not shown), probably because of the early and efficient deletion of the essential SRp20 and Dnmt1 genes, which may affect cell survival, proliferation, and͞or the IL-7 responsiveness of mutant B cell precursors.
Tissue Specificity of the mb1-cre-Mediated Recombination. The results of the experiments described here suggest that cremediated recombination in the mb1-cre line is primarily restricted to the B cell lineage (see Discussion for a summary). To directly address this question, a Southern blot was performed by using DNA isolated from various organs of mb1-cre͞Dnmt1 mice (Fig. 6 ). As expected, mice heterozygotes for both the floxed Dnmt1 locus and the mb1-cre allele (double heterozy- gotes) show recombination of the Dnmt1 locus in genomic DNA isolated from total bone marrow (Fig. 6, lane 3) and from sorted splenic B cells (Fig. 6, lane 4) . As could be expected from the FACS results presented in Fig. 5 , analysis of sorted (CD19ϩ) B cells from the spleen showed a complete absence of the unrearranged Dnmt1 allele in double heterozygote mice (Fig. 6, lane  4) . This finding again underscores the high efficiency of mb1-cre-mediated recombination in the B lineage. A weak recombined band can sometimes also be seen in thymus, liver, and kidney. Although we suspect that most of this signal is due to contaminating B cells in the organ, we cannot rule out a low level of recombination in other tissues. We have sometimes seen a small number of EYFP-positive T cells by FACS in mb1-cre͞ Rosa-EYFP mice and a rearranged Dnmt1 allele by PCR in kidney DNA of homozygous mb1-cre͞Dnmt1 mice. We believe such ectopic recombination must be minor because we have no evidence for a phenotype in any other cell type than the B lineage in both test lines for the apparently essential SRp20 and Dnmt1 genes. We also have no evidence that expression of the hCre recombinase from the mb1 locus in the B lineage is detrimental to B cell development or survival because the number of cells in the B subfractions in spleen and bone marrow is unchanged compared with WT littermates (Table 1) .
Discussion
In this study we introduce the mb1-cre mouse strain as a unique cre transgenic line for efficient B cell-specific deletion of floxed genes. Recombination of the floxed Dnmt1 locus was accessed by Southern blotting using a probe derived from intron 2 of the Dnmt1 gene (see Materials and Methods). Genomic DNA from heart, kidney, thymus, liver, lung, bone marrow, and sorted splenic B cells was prepared from mice heterozygous for both the floxed Dnmt1 allele (WT͞fl) and the targeted mb1-cre allele (WT͞mb1-cre). As a control, genomic DNA derived from in vitro cultured bone marrowderived pro͞pre-B cells from mb1-cre͞Dnmt1(fl͞fl) bcl2 transgenic mice was also analyzed (lane 1).
Because the mb-1 gene is expressed very early in B cell development, even before VDJ recombination at the IgH locus begins, the mb1-cre transgenic line enables efficient cre recombination in bone marrow and in ex vivo pre-B cell cultures. In agreement with this, B cell development was partially blocked at the pre-B cell stage when mb1-cre mice were crossed to mice bearing a floxed SRp20 gene and completely blocked at the pro-B cell stage when crossed to mice bearing a floxed Dnmt1 gene. Previous studies showed that lack of a functional SRp20 or Dnmt1 gene is lethal in developing mouse embryos (12, 17) . Consequently, the question of whether these genes are essential for B cell development or function could not be asked by using constitutive knockout lines. The drastic block in B cell development seen in the bone marrow and spleen of mb1-cre͞SRp20 and mb1-cre͞Dnmt1 lines demonstrates that both genes are essential for B cell development and͞or survival. Because both of these genes are ubiquitously expressed, it is also reasonable to suppose that loss of their function would be lethal not only in B cells but also in most, if not all, other cell types. However, no other abnormalities were observed in the mb1-cre͞SRp20 or mb1-cre͞ Dnmt1 mice, strongly suggesting that cre expression in mb1-cre mice is B cell-specific. The results showing that no B1 B cells develop in mb1-cre͞SRp20 and mb1-cre͞Dmnt1 mice suggest that SRp20 and Dmnt1 are absolutely required for the development of both B1 and B2 subsets.
Using the EYFP reporter line, we observed a low frequency (Ͻ1%) of EYFP-positive T cells in the thymus, spleen, and lymph nodes (Figs. 2 and 7 and unpublished observations). We believe that there are three conceivable explanations for this low frequency of EYFP-positive T cells. First, because it is not known to what extent the mb-1 gene locus is transcriptionally active in uncommitted lymphoid precursors, the rare EYFP-positive cells could be derived from cre recombination in a common lymphocyte progenitor that could give rise to both B and T lineages. Second, the mb1 gene locus may be active (and thus cre recombinase would be expressed) in some T cells either by stochastic transcription of the WT gene or as a consequence of the modifications made to produce the knockin cre. Specifically, exons 2 and 3 of the mb1 gene, which were deleted during the creation of the mb1-cre line, may contain regulatory motifs that influence the tissue-specific expression of this gene. Third, it is also possible that a small number of pro-B cells redifferentiate to the T cell lineage after activating the mb-1 gene and expressing cre (23, 24) . Because T cell development in the crosses to the SRp20 and Dnmt1 mice is normal (data not shown) and because it is known that T cell development is completely blocked in the absence of Dnmt1 (16) , the level of cre-mediated recombination in T cells of mb1-cre͞Dnmt1 mice is probably minimal. We have very infrequently observed a recombined EYFP reporter being transmitted in the germ line of mb1-cre͞EYFP mice, presumably the result of rare cases where cre was expressed in germ cells. The frequency of such ''ectopic'' recombination may also vary depending on the floxed locus.
There are several reports showing that the proportion of recombined cells in CD19-cre mice is higher in later stages of B cell development, and this is probably because the CD19 promoter is more active in mature B cells than in immature B cells. FACS analysis shows increased CD19 expression during B cell development (25) , and cre-recombinase expression in CD19-cre mice was shown to increase with B cell maturation (26) . The CD19-cre mouse strain has been successfully used to inactivate floxed Pax-5, Blimp-1, and IkB kinase genes in later stages of B cell development (27) (28) (29) . When the CD19-cre was combined with an apparently nonessential floxed gene, the frequencies of recombined B cell precursors in the bone marrow were in the 75-80% range (6, 29) or 33% in our hands (Fig. 2) . The level of recombination in B cells increased to 80-98% in the spleen (29) . These efficiencies change drastically when the floxed gene is essential for B cell development (Figs. 4 and 5 and unpublished results). In this case, the 20-60% unrecombined precursor B cells in the bone marrow are sufficient to generate almost normal levels of peripheral B cells that lack the recombination (Fig. 4b) . The more dramatic difference in efficiency between CD19-cre and mb1-cre seen in the bone marrow would be consistent with the fact that B cells in the bone marrow are enriched for early stages of B cell development. The observation that some B cells in the CD19-cre͞EYFP line express less EYFP compared with the mb1-cre͞EYFP line (Figs. 2, 3 , and 7) presumably reflects cells that have not had time to accumulate high levels of EYFP because the recombination of the reporter locus occurred shortly before analysis. This low EYFP expression may also be attributed to the different expression levels of CD19 at the different B cell stages and͞or the fact that the cre cDNA in the CD19-cre allele is not the humanized form. The humanized cre has been reported to be more efficiently expressed in mouse cells (18) .
Of particular interest is the finding that only a fraction of pre-B cells in IL-7-dependent cultures from CD19-cre͞EYFP mice were positive for EYFP, indicating inefficient cre activity, which is in sharp contrast to the mb1-cre͞EYFP mice showing cre-mediated recombination in virtually all pre-B cells (Fig. 3) . Because most of the cells in the IL-7-dependent cultures of CD19-cre͞EYFP pre-B cells are CD19-positive, the CD19 promoter (presumably on both alleles) must be transcriptionally active, and thus cre recombinase should be expressed. Also, accessibility reasons cannot explain the differences in recombination efficiency between CD19-cre and mb1-cre because the Rosa-EYFP gene locus is recombined in both cases. One possible explanation may be the above-mentioned low expression levels of CD19 in early B cell stages. These resulting low levels of cre in IL-7-dependent pre-B cultures may not be sufficient to allow efficient recombination. In summary, the mb1-cre mouse strain is a valuable tool for early and efficient cre-mediated B cell-specific recombination in vivo and in ex vivo cultured pre-B cells.
Materials and Methods
Generation of Targeting Vector and Targeted ES Cell Clones. The short (2.1-kb) and long (9.6-kb) homology arms for the targeting construct were isolated from mouse mb-1 genomic clones derived from the BALB͞c strain (30) (kindly provided by N. Sakaguchi, Kumamoto University, Kumamoto, Japan). Exons 2 and 3 of the mb-1 gene were replaced by a cDNA encoding a mammalian codonoptimized cre recombinase (hCre) followed by a SV40 poly(A) signal. The hCre cDNA was derived from the pBluehCre plasmid kindly provided by R. Sprengel (Max Planck Institute for Medical Research, Heidelberg, Germany). In addition, mb-1 exon 1 was truncated to remove the ATG codon whereas intron 1, including the splice donor and acceptor sites, was retained without modifications. A neo cDNA cassette under the tk promoter and flanked by two FRT sites having the same orientation was introduced 3Ј of hCre.
ES cells containing the hCre integrated into the mb-1 locus (mb1-cre) were produced by electroporating 1 ϫ 10 7 BALB͞c ES cells (31) in 900 l of transfection buffer (20 mM Hepes, pH 7.0͞137 mM NaCl͞5 mM KCl͞0.7 mM Na 2 HPO 4 ͞6 mM glucose͞0.1 mM 2-mercaptoethanol) with 60 g of linearized vector at 240 V and 475 F. ES cells were cultured in complete DMEM selection medium (10% FCS, L-glutamine, sodium pyruvate, and penicillin͞ streptomycin) containing G418 (320 g͞ml). After 12 days, 220 ES cell colonies were screened by Southern blot, and two clones gave the expected bands on the targeted allele. One clone was injected into C57BL͞6J blastocysts at the transgene facility of the Max Planck Institute of Immunobiology. Three chimeric mice were obtained, and one of these transmitted the targeted mb-1 locus to subsequent generations. The neo cassette was deleted by crossing the resulting mice to the Flpe deleter strain (2) . The resulting mb1-cre line (BALB͞c ϫ C57BL͞6 F 1 ) was backcrossed to C57BL͞6 and BALB͞c mice, and the results presented here are from experiments performed on mice backcrossed for at least four generations.
